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Abstract 
In this work, we report the synthesis of SnO2 nanocrystalline material and its application in perovskite 
solar cells. The material has been characterized comprehensively by XRD, SEM, TEM, 
diffraction pattern and N2 adsorption isotherm. The results have revealed that the average 
particle size of the SnO2 material was less than 3 nm, resulting in a large specific surface area 
of 173.9 m2/g. The investigation of the material in perovskite solar cells as electron-transport 
layer has shown that pure SnO2 material did not favour the photovoltaic performance of the 
device. The best solar cell obtained with one layer of SnO2 film (22 nm) showed energy 
conversion efficiency of 2.19% under the illumination intensity of 100 mW/cm2. Beyond this, 
the performance of the solar cells decreased significantly with the increase of the thickness of 
SnO2 film due to a dramatical decrease of the photocurrent density. Nevertheless, it has been 
found that SnO2 material containing a small amount of metal tin (1.3%) significantly 
improved the performance of the solar cell to 8.7%. The possible reason for this phenomenon 
has been discussed based on the consideration of energetic band alignment of materials in the 
perovskite solar cells. 
 Introduction 
Solar cells using organic-inorganic lead halides perovskite material are hailed as one of the 
most promising candidates for third generation photovoltaic technologies due to the 
demonstrated advantage of high conversion efficiency that can be achieved with low cost, 
solution processable fabrication procedure. [1]Structurally speaking, perovskite solar cells are 
derived from solid state dye/quantum dots sensitized solar cells.[2] The key components in a 
typical perovskite solar cell include a n-type semiconductor material film such as TiO2, and a 
perovskite light absorbing layer as well as a layer of hole transport material. Under 
illumination, electron-hole pairs are generated by the perovskite light absorbing material, 
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which are then separated at the interface of perovskite /n-type electron transport material and 
perovskite /hole transport material (p-type semiconductor) due to the energetic band edge 
alignment between them, which provides the driving force for charge separation in the 
device.[1a] The separated electron and hole then transport across the film of electron and hole 
transporting material respectively before being collected by external circuit.  
Titanium dioxide (TiO2) is the most widely used electron transport material in PSC so far due 
to its excellent stability and suitable energetic band position that matches the energy levels of 
the lead halides based perovskite material. Although it is normally assumed that 
nanostructured TiO2 film plays the role of scaffold for anchoring the perovskite light 
absorbing material in PSC, Marchioro et al have shown that TiO2 film also participates in the 
process of electron transport in PSC and benefits the charge collection and high efficiency of 
the device.[3] It is known that a semiconductor material with higher charge transport mobility 
is always favourable for the charge transport process. Nevertheless, the electron mobility of 
TiO2 material is quite low, which is less than 1.0 cm2 V-1 s-1 for bulk TiO2 material (rutile) 
and 10-2 cm2 V-1 s-1 for nanostructured TiO2 material,[4] which may not be sufficiently high 
enough to collect all the injected electron. In contrast, an alternative semiconductor material 
based on SnO2 has a much faster electron transport mobility compared to TiO2. The electron 
mobility of bulk SnO2 is up to 200 cm2 V-1 s-1.[5] This value decreases to around 1.0 cm2 V-1 
s-1 for porous nanomaterial, [6] which is still two orders of magnitude higher than that of TiO2.  
Hossain et al have reported a very high photocurrent density that was achieved with quantum 
dots-sensitized solar cells using SnO2 as electron transport material. They believed the faster 
electron mobility of SnO2 could be a factor that contributed to the efficient current collection 
of the device.[7] Nevertheless, there is very limited report on perovskite solar cells using SnO2 
as electron transport medium up to date. 
In this work, SnO2 nanocrystalline material with extremely small particle sizes (less than 3 
nm) was synthesized using a sol-gel method. The material showed uniform distribution of 
particle sizes and large surface area. Perovskite solar cells using methyl ammonium lead 
iodide (MAPbI3) as light absorber and the synthesized SnO2 as electron transport medium 
were investigated. The best solar cells with efficiency of 2.19% was obtained using one layer 
of SnO2 film with thickness around 22 nm. Further increase of the thickness of SnO2 film led 
to the decrease of the device performance.  Nevertheless, addition of  1.3% of metal tin in 
SnO2 to form a composite led to a dramatically enhancement of the performance of 
corresponding solar cell to 8.7% under the illumination intensity of 100 mA/cm2. This 
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remarkable phenomenon is attributed to the improved energetic band alignment among 
SnO2/Sn composite and the adjacent TiO2 compact layer that benefits the charge transport 
and collection in the PSC. This work provides new insights into the charge transport process in PSC 
and provides new method to develop high efficiency PSC device using SnO2/Sn composite through 
material engineering. 
Experimental 
All the materials used in this work were supplied by Sigma-Aldrich unless otherwise stated. 
Material Synthesis 
Synthesis of SnO2 nanocrsytallites 
SnO2 nanomaterial was synthesized by the following procedure. 8 ml of 1M HNO3 was 
carefully added to a mixture of granulated tin (3 g) and citric acid (10 g) in a flask until a 
clear solution was obtained. After this, aqueous ammonia (25%) was added dropwise into the 
solution under magnetic stirring until the pH of the solution reached 8. The obtained solution 
was refluxed at 100 oC for 2 h. During refluxing the solution slowly turned into a turbid 
colloidal solution. After cooling down to room temperature, the sol was collected from the 
solution by centrifugation and washed several times with water and ethanol. SnO2 powder 
was obtained by drying the sol at 100 oC for 5 h in air. The obtained powder was grounded in 
an agate mortar before being sintered in a muffle furnace at 300 oC for 2 h. Similar 
procedures were employed to synthesise SnO2/Sn composite except that the reaction 
temperature during the refluxing was controlled at 90 oC instead of 100 oC. 
Preparation of methylammonium iodide (CH3NH3I, MAI) 
In a typical reaction, 12.791 mg methylamine (CH3NH2, 40 wt% in H2O) was reacted with 
10.949 mg hydroiodic acid (HI, 57 wt % in H2O) in 220 ml of absolute ethanol at 0°C for at 
least 2 hrs to form methylammonium iodide (CH3NH3I). Crystallization of methylammonium 
iodide was achieved by slowly evaporation of the solvent using a rotary evaporator until 
white powder was obtained. Further purification was carried out by mixing the material with 
diethyl ether for 20 mins under rigorous magnetic stirring followed by precipitation with the 
help of addition of ethanol. The procedures for purification were repeated at least 3 times to 
remove any possible by-products that were formed in the reaction. 
Fabrication of perovskite solar cells 
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FTO glass substrates were patterned using Zn granule and HCl solution (3 M) and then 
washed using detergent water, distilled water, iso-propanol and ethanol in sequence under 
sonication for 15 mins each. The cleaned substrates were then deposited with a layer of TiO2 
compact film by spray pyrolysis at 500 oC. The details for the deposition of the TiO2 compact 
film with thickness around 80 nm have been reported previously.[8] To deposit SnO2 film, the 
synthesized tin oxide nanomaterial was firstly mixed with Triton-X and terpinol (SnO2: 
Triton-X: Terpinol = 10: 5: 85, mass ratio) under magnetic stirring for 2 days to make a paste. 
The paste was further diluted by mixing with absolute ethanol with a mass ratio of 1:2.5 
under magnetic stirring for at least 24 hours prior to use. SnO2 film with different thickness 
was deposited on the substrate using 1, 2 and 3 layers of successive SnO2 coatings by spin-
coating. The SnO2 film was subject to thermal annealing at 500 °C to remove organic 
materials in the film. After this, a layer of perovskite material based on methylammonium 
lead iodide (MAPbI3) was deposited on the SnO2 film using a standard two-step deposition 
method where the precursor materials of PbI2 and MAI were deposited onto the SnO2 film 
separately in an Ar-filled glove box (MBRAUN, oxygen content < 0.1 ppm, water content < 
0.1 ppm). Specifically, 1M lead iodide solution in N,N-dimethylformamide (DMF) was 
placed drop-wise onto the SnO2 layer and then spin coated at 4000 rpm for 30 seconds to 
form a layer of PbI2. The PbI2 coated film was then dried at 75 oC for 15-20 mins. After 
cooling to room temperature, the film was dipped in a solution of CH3NH3I in isopropanol (8 
mg/ml) for 20s followed by rinsing with isopropanol. The film was remained in air for 2 mins 
before being placed on a spin coating processor for 30 s at 6500 rpm. After this, the film was 
dried at 75 oC for 45 mins. A layer of hole-transport material (HTM) was then deposited on 
top of the perovskite film by spin coating at 4000 rpm for 30s. The solution for the hole-
transport material was prepared by mixing 72.3 mg (2,29,7,79-tetrakis(N,N-di-p-
methoxyphenylamine)-9,9-spirobifluorene) (spiro-MeOTAD), 28.8 ml 4-tert-butylpyridine, 
17.5 ml of a stock solution (520 mg/ml  lithium bis(trifluoromethylsulphonyl)imide in 
acetonitrile) and 1 ml chlorobenzene. Finally, a gold film (120 nm) with geometry of 4 mm × 
4 mm was thermally evaporated on top of the hole transporting material film to form the back 
electrical contact of the device. 
Characterisation  
The cross-sectional images of the films of SnO2, MAPbI3 coated SnO2 as well as the 
complete PSC device were measured using a field emission scanning electron microscope 
(FESEM, JEOL 7001F) at an acceleration voltage of 10.0 kV. The measurements of high 
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resolution transmission electron microscope (HRTEM) and selected area electron diffraction 
patterns of the synthesized SnO2 particles were performed with a JEOL 2010 transmission 
electron microscope with an accelerating voltage of 200 keV. The X-ray diffraction (XRD) 
patterns of the materials were recorded by a X-ray diffraction meter (Rigaku D max-2500, 
Japan) either using monochromatized Cu K radiation (λ =1.5418 Å) for SnO2 or Co K 
radiation (λ = 1.7903 Å) for the SnO2/ Sn composite. The plots of photocurrent density-
voltage (J-V) of the solar cells were measured by recording the current as a function of 
applied voltage by a source meter (Keithley 2400) under the radiation of 100 mW/cm2 
(AM1.5) provided by a Xe lamp (450 W) based solar simulator (Class 3A, Newport). The 
measurement for the I-V plot was scanned from short circuit to open circuit potential. The 
illumination intensity of the solar simulator was calibrated with a monocrystalline reference 
silicon solar cell (Fraunhofer ISA). The active area (0.16 cm2) of each cell was controlled 
using a black mask which was placed opposite to the gold contact. The nitrogen sorption 
isotherms were measured by volumetric method on an automatic adsorption instrument 
(Micromeritics, Tristar 3000) at liquid nitrogen temperature (77 K). The specific surface area 
of the material was calculated by the Brunauer-Emmett-Teller (BET) method from the data in 
a P/P0 range between 0.05 and 1.0.  
 
Results and Discussion 
Figure 1 shows the XRD pattern of the synthesized material. All the peaks can be assigned to 
the corresponding Miller indices of the lattice planes of cassiterite SnO2 (ICSD number: 98-
003-9173). A clear broadening of all the XRD peaks indicates that the average crystalline 
size of the material is very small. The average crystalline size of the material that was 
calculated from the half-height line broadening of the peak [110] (ߠ ൌ 26.596  degree) 
according to Scherer equation (Eq.1) is 2.78 nm:[9]  
 ݀ ൌ 0.94ߣ/ሺߚܿ݋ݏߠሻ                                         (Eq.1) 
where  is the wavelength of the radiation source (=0.154 nm),  is the line broadening at 
half of the maximum intensity of the peak of interest and  is Bragg angle.  
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Figure 1. XRD pattern of the as-synthesized SnO2 material   
Figure 2 (a) shows the high resolution TEM image of the synthesized SnO2 nanomaterial. 
The material takes sphere shape and the average diameter of the particles is less than 3 nm, 
which is comparable to the average crystallite sizes determined by XRD.  This suggests the 
particles of the nanomaterials are composted of nanocrystals. The selected area electron 
diffraction pattern of the material (Figure 2(b) shows the material is multi-crystalline as 
reflected by the continuous diffraction rings. All the rings can be assigned to the 
corresponding lattice planes of (110), (011) and (121) of SnO2, further confirming the nature 
of the synthesized material. 
    
(a)                                                          (b) 
Figure 2. High resolution TEM image (a) and selected area electron diffraction pattern (b) of 
the synthesized SnO2 
 It is known that one of the important features of nanocrystalline materials lies in their large 
surface area. The plots showing the N2 adsorption/desorption isotherm of the material are 
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shown in Figure 3. The specific surface area of the synthesized SnO2 material calculated 
according to Brunauer-Emmett-Teller (BET) method is 173.9 m2/g. The nearly overlap of the 
adsorption/desorption behaviour indicates the synthesized SnO2 material adopts a type II 
hysteresis loops for the adsorption according to BDDT (Brunauer, Deming, Deming and 
Teller) classification. It is generally believed that a material with type II adsorption behaviour 
has nonporous structure or the diameter of the powder exceeds micropores (less than 2 
nm).[10] The narrow hysteresis loop  is the result of inter-particle capillary condensation 
according to Rouquerol et al. [11] 
 
Figure 3. Nitrogen adsorption/desorption isotherm of synthesized SnO2 material. 
Perovskite solar cells based on the synthesized SnO2 material 
The perovksite solar cells that were fabricated using the synthesized SnO2 as electron 
transport material have the device structure of FTO/TiO2 compact layer/SnO2/MAPbI3/Spiro-
OMeTAD/Au. Figure 4 (a, b) shows the SnO2 film with different thickness deposited on the 
substrate consisting of TiO2 compact layer and FTO. It is worth to note that the purpose of 
the TiO2 compact layer was to suppress the electron recombination at the interface of FTO 
substrate with hole from the perovskite material to enhance the performance of the solar 
cells.[12] Due to the very thin layer of the film, it is very hard to distinguish the SnO2 film 
from the layer of the compact TiO2 film underneath. Thus the film above FTO substrate 
should consist of both TiO2 and SnO2 layers. The thickness is around 102 nm for the one 
layer deposition of SnO2 by spin-coating and this value increases to 140 nm for the film with 
two layer depositions. Since the thickness of the TiO2 compact layer is around 80 nm, the 
actual thickness of the SnO2 film should be around 22 nm and 60 nm for the one layer and 
two layer spin-coating depositions respectively. The thickness of both films is largely 
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uniform as indicated by the cross-section SEM images. After being coated with methyl 
ammonium lead iodide (MAPbI3), the surface of the film becomes very rough due to the 
formation of large crystals of MAPbI3 as shown in Figure 4(c). Figure 4 (d) shows the cross-
sectional SEM image of a complete PSC device. The thickness of the perovskite layer is 
around 450 nm and the hole transport layer is around 300 nm.  
Figure 4(e) shows the XRD pattern of the MAPbI3 film that was deposited on a FTO glass 
using the same two-step deposition method. Major diffraction peaks at 12.64o, 14.05o, 28.45o, 
31.87o, 40.45o, 43.13o that can be assigned to the lattice planes of (100), (11), (220), (310), 
(224) and (314) of MAPbI3 are observed. The shark peak indicates the good crystallinity of 
the light absorbing material. 
      
                                      (a)                                                                                (b)                                 
      
                               (c)                                                                    (d) 
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(e) 
Figure 4, Cross-sectional SEM images of (a) SnO2 film deposited by one spin-coating layer; 
(b) SnO2 film deposited by two spin-coating layers; (c) SnO2 film coated with perovskite 
material; and (d) a complete perovskite solar cell consisting of FTO/TiO2 compact layer/SnO2 
porous layer/Spiro-OMeTAD (HTM)/gold; (e) XRD of MAPbI3 film deposited on FTO 
substrate 
 
The characteristic photocurrent-photovoltage plots of the solar cells with different thickness 
of SnO2 are shown in Figure 5(a) and the characteristic photovoltaic parameters are shown in 
Table 1. Compared to perovskite solar cells using TiO2 as electron transport material which 
normally produce power conversion efficiency around 10% or above,[1b] the performance of 
the SnO2 based cells in this work is much lower. The cell with the best efficiency ( = 2.19%) 
was obtained with the one-layer of SnO2 film under the illumination of one sun (AM1.5 solar 
spectrum). Beyond this, the performance of the cell, in particularly the short circuit current 
density, significantly decreases with the increase of the thickness of the SnO2 film. The Jsc of 
the solar cells with two layers and three layers of SnO2 film drops to 0.55 mA/cm2 and 0.15 
mA/cm2 respectively. The low efficiency of the solar cells should be related to the energetic 
alignment between SnO2 and adjacent TiO2 compact layer. The schematics showing the 
energetic alignments between the materials in the perovskite solar cell investigated is shown 
in Figure 5(b). Theoretically speaking, the conduction band edge (Ecb) of SnO2 (Ecb = 0.0 V 
vs NHE)[13] is around 400 mV more positive than that of TiO2 (Ecb = -0.4 V vs NHE).[14] This 
makes the transport of electron from SnO2 to the adjacent TiO2 compact layer unfavourable 
energetically. As a consequence, the electrons that are injected to the SnO2 film from the 
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perovskite material will be confined in the film and cannot be collected by the FTO based 
current collector, leading to a very low Jsc. The confinement of electron in SnO2 film can also 
cause significantly increased recombination with holes from the perovskite light absorbing 
material due to charge attraction. 
   
(a)                                                         (b) 
Figure 5. The plots of photocurrent density-voltage of the perovskite solar cells with different 
thickness of SnO2 film  (a) and schematics illustrating the energetic band alignment (b) of the 
materials in the perovskite solar cells.   
Table 1. Summary of characteristic photovoltaic parameters of the perovskite solar cells with 
different thickness of SnO2 film 
Soalr cells with  
different SnO2 layers 
Jsc 
(mA/cm2) 
Voc (V) FF Efficiency 
(%) 
One layer 11.2 0.62 0.315 2.19 
Two layer 0.55 0.58 0.50 0.16 
Three layers 0.15 0.53 0.503 0.04 
 
Based on the above analysis, it is important to improve the charge transport in the anode in 
order to increase the efficiency of the solar cell device. One way to do this is by embedding 
material that is energetically favourable for the charge transport in the photoanode. A 
composite based on SnO2 material and metal tin was thus prepared and explored in perovskite 
solar cells. The Rietveld refinement of the XRD data shows that the content of metal Sn in 
the material composite is 1.3% (Figure 6(a)). The sharp XRD peaks that can be assigned to 
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the lattice planes of (020), (011), (220) and (121) of Sn suggest the good crystallinity of the 
material. The corresponding solar cells using SnO2/Sn composite produced a power 
conversion efficiency of 8.67% (Figure 6(b)), which is more than 4-fold higher than that of 
the device with pure SnO2. In particular, the short-circuit photocurrent density (Jsc) of the cell 
with one layer SnO2 film is enhanced from 11.2 mA/cm2 to 22.5 mA/cm2 using the composite,  
indicating the efficient charge collection in the device. Therefore, the above results suggest 
that metal tin acted as an efficient transport channel for the photo-generated electron in the 
photoanode of the PSC. This is attributed to the improved energetic alignment between metal 
tin and TiO2 and the excellent conductivity of tin. The work function of metal tin is around 
4.3 eV, which is very close to that of TiO2. Therefore, the charge transfer from Sn to TiO2 is 
energetically feasible. The good conductivity of Sn means majority of the photo-induced 
electron should transport through Sn instead of SnO2 before reaching the TiO2 compact layer 
which is then collected by FTO based current collector.  
 
(a)                                                                   (b) 
Figure 6. (a) XRD of the composite material based on SnO2/Sn and (b) the J-V plot of 
the corresponding perovskite solar cell  
Besides Jsc, the open circuit voltage (Voc) of the PSC was also improved significantly using 
SnO2/Sn composite (Voc= 0.76V) compared to the SnO2-based (Voc = 0.62 V) solar cell 
devices. The 140 mV enhancement in the photovoltage indicates the reduced charge carrier 
recombination in the PSC with the synthesized SnO2/Sn composite as a consequence of faster 
charge transport in the device. 
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Conclusion 
Tin oxide nanocrystalline material with extremely small sizes was synthesized successfully 
using a sol-gel method. The characterisation of the material by XRD, HR-TEM and selected 
area electron diffraction has confirmed that the average particle size of the material was less 
than 3 nm, which resulted in a very high specific surface area (173.9 m2/g) of the material. 
Perovskite solar cells using the synthesized SnO2 material produced energy conversion 
efficiency 2.19% with thickness of SnO2 film around 22 nm. A further increase of  the 
thickness of the SnO2 film led to the significantly decrease of the photovoltaic performance 
of corresponding devices which is mainly due to the dramatic reduction of the photocurrent 
density. The low efficiency is ascribed to the energetic barrier between SnO2 and the adjacent 
TiO2 compact layer that impedesthe electron transfer process. Nevertheless, the performance 
of the solar cells was greatly improved to 8.6% when 1.3% (molar ratio) of metal tin was 
embedded in the SnO2 material. Compared to SnO2-only based PSC, it is believed that the 
improved energetic alignment between materials in the PSC and the excellent conductivity of 
metal tin should be responsible for the performance enhancement of the solar cells. 
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